Introduction
The mitochondrion is a double-membrane organelle consisting of an outer membrane, intermembrane space, inner membrane, cristae, and matrix. It is the ''energy plant'' that provides most of the energy for cells. Mitochondria also participate in various processes such as calcium homeostasis, cell death, and cell growth during development and aging [1] . Mitochondrial abnormalities are a common phenomenon in aging and age-related neurodegenerative diseases such as Alzheimer's disease (AD). Mitochondrial dysfunction is even taken to be a marker for aging, an indispensable risk factor for AD [1] . Anti-oxidants and factors that maintain mitochondrial homeostasis have beneficial effects in AD therapy. Thus, the mitochondrion is emerging as a novel target for AD therapy.
Mitochondrial Dysfunction is an Early and Common Feature of AD
AD is a neurodegenerative disease characterized by deficits in learning, memory, and other cognitive functions. Its major pathological characteristics are the presence of amyloid-b (Ab) plaques and neurofibrillary tangles (NFTs) [2] . The plaques are mainly composed of Ab that is produced by sequential proteolytic cleavage of amyloid precursor protein (APP) by b-and c-secretases [3, 4] . NFTs consist of hyperphosphorylated tau, a multifunctional protein involved in microtubule assembly and stabilization [5, 6] . In addition to these two pathological markers, mitochondrial dysfunction has been taken to be an early feature of both familial and sporadic AD [7] . Glucose uptake is reduced in the neurons of AD patients. Altered morphology of mitochondria such as changed size, disruption of cristae, and intra-mitochondrial accumulation of osmiophilic materials, concurrent with enhanced oxidative damage and changes in mitochondrial mass, enzymes, and DNA, have also been found in the brains of AD patients [7, 8] . Some of these mitochondrial dysfunctions occur prior to the appearance of Ab plaques and NFTs. The mitochondrial cascade hypothesis even proposes that mitochondrial dysfunction is a trigger for AD pathology including Ab accumulation, formation of NFTs, and neurodegeneration [7] .
Mitochondrial Dysfunction Triggers and Accelerates the Pathogenesis of AD Consistent with the cascade hypothesis, mitochondrial dysfunction suppresses a-secretase activity, while enhancing the levels of b-secretase and PS1, a core protein in csecretase complex, thus enhancing Ab production [9] . Mitochondrial dysfunction also enhances tau phosphorylation, making cells more susceptible to either Ab-or tauinduced toxicity [9] . One of the mechanisms underlying the above effects of mitochondrial dysfunction is oxidative stress, which is induced by damaged mitochondria. Extensive oxidative stress is an early manifestation of AD [9] . The levels of oxidative markers are directly correlated with the severity of cognitive impairment as well as the symptomatic progression from mild cognitive impairment to AD [10] . Extensive oxidative stress causes the oxidative modification of proteins and lipids, eventually leading to neuronal dysfunction. In addition, oxidative stress can upregulate the levels of BACE1 and PS1, the key enzyme/ protein for Ab generation. Oxidative stress is also involved in Ab-or tau-induced toxicity [9] . Consistently, antioxidants such as curcumin and the mitochondria-targeted antioxidant mitoQ attenuate AD pathology in mouse models of AD [9, 11] . Some antioxidants are even under clinical trials in therapy for mild cognitive impairment and AD [11] .
Ab and Tau Accumulation Cause Mitochondrial Dysfunction
It is worth noting that the two pathological species, oligomeric Ab and hyperphosphorylated tau, also cause mitochondrial damage. Ab is translocated to mitochondria, where it interacts with various proteins to modulate mitochondrial functions. For example, Ab regulates the mitochondrial permeability transition by interacting with adenine nucleotide translocase, the voltage-dependent anion channel, and cyclophilin D. Ab modulates ATP generation via binding to ATP synthase subunit a [12] . Intracellular Ab, rather than extracellular Ab, enhances nitric oxide production while reducing mitochondrial activity [13] . The Ab-enhanced nitric oxide production promotes the S-nitrosylation of Drp1, a dynamin-like protein that plays a role in mitochondrial fission. Blocking the nitrosylation of Drp1 by mutating cysteine abrogates the Ab-induced mitochondrial dysfunction and suppresses synaptic plasticity [14] . Ab also interacts with the mitochondrial protein Ab-binding ethanol dehydrogenase (ABAD), preventing the binding of NAD ? to ABAD, thereby changing the mitochondrial permeability transition and decreasing the activity of respiratory chain enzymes [15] . Consistently, supplementation with NAD ? precursors like nicotinamide riboside and nicotinamide mononucleotide ameliorates the cognitive deficits, synaptic plasticity, and tau phosphorylation in mouse models of AD [16, 17] . Hyperphosphorylated tau also causes mitochondrial damage by disturbing mitochondrial dynamics [6] , increasing the mitochondrial membrane potential [5] and reducing the expression of components of the mitochondrial respiratory chain complex and antioxidant enzymes [18] . Therefore, a vicious cycle also exists between mitochondrial dysfunction and Ab or tau pathology. Accumulation of Ab or hyperphosphorylated tau causes mitochondrial dysfunction, which in turn exacerbates Ab accumulation and tau hyperphosphorylation and the latter further damages mitochondria (Fig. 1) .
Compromised Mitophagy Contributes to the Accumulation of Damaged Mitochondria in AD
Damaged mitochondria are mainly degraded by autophagy, a process known as mitophagy. Autophagy is a highlyconserved system for the degradation of abnormally aggregated proteins and organelles. Cargos are encapsulated in autophagosomes and then transferred to lysosomes for degradation. Mitophagy is an important mitochondrial quality-control system in both aging and AD. Once mitochondria are damaged, PTEN-induced putative kinase protein 1 is recruited and accumulates on the surface of damaged mitochondria, and it further recruits parkin from the cytosol to the mitochondria. Parkin, an E3 ubiquitin ligase, can ubiquitinate outer mitochondrial membrane (OMM) proteins, thus activating the ubiquitin-proteasome system and resulting in the degradation of OMM proteins [19] . Mitophagy/autophagy is impaired in AD [19] . One of the mechanisms underlying this impairment is lysosomal dysfunction. In this context, it is worth noting that mutations in PS1, reduce lysosomal hydrolase activity [20] . The intracellular accumulation of wild-type tau also induces a mitophagy deficit by the dose-dependent allocation of tau protein to the mitochondria. In addition, the downregulation of autophagy factors such as Beclin1 and SIRT1/3 also contributes to impaired mitophagy/autophagy in AD brains [21] [22] [23] [24] [25] . Consistently, enhancing autophagy/ mitophagy by suppressing mTOR or by mTOR-independent means ameliorates AD-like pathology such as those of Ab and tau and the cognitive deficits in mouse models of AD [26] [27] [28] [29] .
Mitophagy receptors play essential roles in selecting damaged mitochondria for degradation by autophagy. One of the characteristic features of these receptors is that they contain an LC3-interacting region, through which they bind to LC3. Once the damaged mitochondria are recognized by mitophagy receptors, these receptors recruit assembling autophagosomes (phagophores) to the damaged mitochondria and trigger the extension and closure of phagophores to form autophagosomes. In this way, damaged mitochondria are recruited to autophagosomes and degraded when the autophagosomes fuse with lysosomes [19] . Limited numbers of mitophagy receptors have been identified so far: P62, NBR1, Nix, TAxBP1, NDP51, optineurin, FUNDC1, and Ambra1 [19] . Our group recently reported that disrupted in schizophrenia 1 (DISC1), which is a risk factor for psychiatric disorders such as schizophrenia, bipolar disorder, and autism spectrum disorder, acting as a novel mitophagy receptor, promotes the clearance of mitochondria damaged by oligomeric Ab [30] . DISC1 levels are downregulated in the brains of AD patients and APP/PS1 transgenic mice [30, 31] , consistent with the previous report that DISC1 is genetically associated with AD [32] . We further found downregulation of DISC1 by treatment with oligomeric Ab. DISC1 harbors a classical LC3-interacting motif, through which DISC1 directly binds to LC3. Overexpression of wild-type DISC1, rather than mutant DISC1 lacking LC3 binding, prevents oligomeric Ab-induced synaptic loss and cognitive deficits, concomitant with rescue of mitochondrial dysfunction [30] .
In summary, mitochondrial dysfunction is one of the early features of AD pathology. It triggers and accelerates Ab accumulation and tau hyperphosphorylation, which in turn further damage mitochondria. Compromised mitophagy partly accounts for the accumulation of damaged mitochondria in the brain. Enhancing mitophagy or ameliorating mitochondrial dysfunction has beneficial effects in mouse models of AD, highlighting that the mitochondrion is a potential therapeutic target for AD (Fig. 1) . Research on the molecular mechanisms underlying mitochondrial dysfunction at different stages of AD pathology, especially in the early stage, may suggest novel strategies/targets for AD therapy. Considering that mitochondrial dysfunction is an early feature of AD, further investigation on how altered mitochondrial metabolites are linked to AD may reveal novel biomarkers for the diagnosis of AD. 
